The Michael type addition of pyrroles and indoles bearing strongly electron-withdrawing N-protecting groups (e.g., arylsulfonyl-, benzoyl-) to methyl vinyl ketone have not been previously reported. We find that such alkylative processes can be effected in low to moderate yields using bismuth triflate as catalyst in conjunction with microwave irradiation.
Introduction
In light of the diverse biological activities exhibited by molecules possessing an indole [1] [2] [3] [4] or pyrrole 5 ring and their recognized status as 'privileged structures', methods for the synthesis and selective functionalization 6, 7 of these heterocycles continue to attract the attention of the synthetic community. Due to the relatively high reactivity of these heterocycles (especially of pyrrole) and the consequential lack of selectivity observed in many of their reactions, early protection of the ring nitrogen can play a pivotal role in synthetic planning, since the protecting group can serve to site-direct substitution as well as to attenuate the reactivity of this -excessive ring system. Noteworthy in this regard is the N-phenylsulfonyl protecting group. Whereas addition of electrophiles to the C-2 (α) position of pyrrole is the most characteristic reaction of this heterocycle, N-(phenylsulfonyl)pyrroles display an ambivalent reactivity that allows for α-or ß-substitution depending upon conditions. 8 However, this description is an oversimplification, for this selectivity is subject to a number of recognized and unrecognized parameters including: solvent, catalyst, temperature, stoichiometry, nature of electrophile, substituents on the pyrrole, and the addition of additives. One hitherto unexamined reaction with this substrate involves reaction with Michael acceptors.
The conjugate type addition of indoles and pyrroles to Michael acceptors represents a facile and direct route to the corresponding alkylated derivatives. Although first demonstrated upon indole employing protic acids, 9 montmorillonite 10 as well as doped clays (AlCl 3 , FeCl 3 and ZnCl 2 ) 11 have been shown to be effective for reaction with methyl vinyl ketone (MVK) and methyl acrylate in dichloromethane (DCM). The first application of the rare earth class of catalysts to this end was conducted by Harrington and Kerr, who found that the treatment of indoles with a variety of electron-deficient olefins under the influence of Yb(OTf) 3 -3H 2 O in acetonitrile leads to alkylation of the indoles at the 3-position. 12 The authors noted that a number of Michael acceptors such as phenyl vinyl sulfone, ethyl cinnamate, methyl acrylate, acrylonitrile and several α,ß-unsaturated ketones failed to react under these conditions. Yadav reported the efficient conjugate addition of indoles to α,ß-unsaturated compounds in the presence of indium chloride in DCM. 13 However, again, some
Michael acceptors like methyl acrylate and acrylonitrile failed to react under these conditions. Bismuth nitrate 14 and bismuth triflate 15 have also been shown effective in this process, and a simple survey of solvents (dichloromethane, dichloroethane, water, THF and acetonitrile) indicated that while all were useful, acetonitrile was found to be superior. 16 Scandium catalysis of this transformation has been reported involving Sc(OTf) 3 , 17 and Lewis acid-surfactant combined catalysts in water 18 and supercritical carbon dioxide, 19 and enantioselectively with the use of a chiral ligand. 20 Other catalyst systems employed for this process include iodine, 21, 22 bromine, 23 BF 3 ·OEt 2 , 24 cerium derivatives 25, 26 and gallium halides. 27, 28 Additionally, Kobayashi has developed a neutral catalyst system of silica-supported sodium benzenesulfonate with a hydrophobic ionic liquid for the Michael reactions of indoles in water. 29 Less work has been described on the analogous reactions of pyrroles. Notably, pyrroles have been found to undergo efficient conjugate addition to electron-deficient olefins in the presence of a catalytic amount of InCl 3 to afford the Michael adducts. 30 With increased reaction times and molar ratio of reactants, 2,5-dialkylated products were obtained, while some Michael acceptors such as methyl acrylate and acrylonitrile, failed to react with pyrroles under these conditions. Additionally, Y(OTf) 3 31 and Bi(NO 3 ) 3 32 have also been found effective for this purpose, as was copper bromide, 33 Amberlyst-15, 34 as well as aluminum dodecyl sulfate trihydrate in water. 35 Bismuth trichloride has been utilized for this purpose at room temperature 36 or under microwave irradiation or while supported on silica gel under solventless conditions. 37 Additionally, the conjugate addition of pyrrole to electron-deficient nitro-olefins has been demonstrated under catalyst-free conditions, 38 using a combination of microwave heating and water, 39 in the presence of silica gel 40, 41 or sulfuric acid modified silica catalysts. 42, 43 Results and Discussion
Scheme 1
Due to the attenuated reactivity of pyrroles bearing strongly electron-withdrawing groups on the nitrogen atom, our initial efforts to effect Michael-type additions using 1-(arylsulfonyl)-pyrroles or -indoles as nucleophiles under thermal conditions resulted in only trace amounts of products, regardless of catalyst. The remarkable ability of microwave irradiation to enhance reaction rates 44, 45 indicated that a reinvestigation of this process was warranted. To this end, a set of parallel experiments was conducted involving reactions of 1-(phenylsulfonyl)pyrrole (1.2 mmol) with MVK (2 equiv) under microwave irradiation for 5 min at 120 °C using Montmorillonite K10 (MK-10) or metal triflate catalysts (10 mol%) in THF (2.5 mL) and the products were analyzed by GC/MS, Table 1 . Table 1 , the use of MK-10 (150 weight%) provided poor conversion yielding a mixture of mono-and dialkylated products. Scanning various metal triflates (10 mol%), it was found that while scandium triflate performed analogously to MK-10, bismuth triflate appeared most effective in providing moderate yields of the monoalkylated adduct along with some of a disubstituted product. Whereas sulfamic acid and bismuth nitrate proved ineffective for the purpose, it is interesting to note that bismuth nitrate on silica gel (1:1 wt%) under solventless conditions provided a moderate amount of monosubstitution with no discernible disubstitution.
Having established the comparative effectiveness of bismuth triflate in the case of 1-(phenylsulfonyl)pyrrole (1b) as a representative substrate, varying the amount of catalyst from 5-20 mol% in 5% increments provided little variance in the yields of mono-and di-substituted products (GC/MS). Since it appeared that no advantage was to be gained at higher concentrations of catalyst, 10 mol% was established as the standard condition for all subsequent trials. Increasing the reaction time of this prototype reaction from 300 sec to 900 sec led to an increase in the amount of disubstituted product along with some apparent trisubstitution adduct. Additional attempts at optimization involved examining the use of acetonitrile and nitromethane as alternative solvents under the same conditions of time and temperature. However these solvents provided the monosubstituted adduct in lower yields (e.g., 27.5% and 20.1% yield, respectively) along with ca. 2% of the di-adducts.
With the tentatively optimized reaction conditions for the Michael addition of 1-(phenylsulfonyl)pyrrole to MVK (i.e., 2 equiv MVK, 10 mol% Bi(OTf) 3 , THF, 120 o C, 5 min), we explored the scope of this reaction with additional pyrroles and indoles bearing strongly electron withdrawing groups (Table 2) . In order to ascertain the generality of this reaction, an N-benzoyl protected pyrrole (1a) as well as two Narylsulfonylpyrroles (1b, 1c) were examined. 46 A representative C-2 alkyl substituted-1-(phenylsulfonyl)pyrrole (e.g., benzyl, 1d) derivative prepared by an acylation/reductive deoxygenation protocol 47 was also examined so as to establish that substitution occurred at the alternate -position. Finally, 1-(phenylsulfonyl)indole (1e) as well as its C-2 (1f) and C-3 methyl (1g) analogs 48 were examined so as to establish that although C-3 alkylation is expected, a substituent at this site diverts the Michael-type addition to the normally less reactive C-2 site. Although the survey of catalysts, solvents, time and temperature using 1b as a prototype were conducted at 120 o C, optimal results for most of the substrates in Table 2 were achieved at 170 o C, so this temperature was then employed for all examples shown in this Table. As can be seen, the Michael addition of these substrates to MVK could be achieved in all situations albeit in low to moderate yield. In the case of Nprotected pyrroles (1a-1d), monosubstituted adducts were isolated after column chromatography (no attempt was made to isolate other byproducts). Expectedly, the alkylation of 1-(phenylsulfonyl)indoles occurred at the C-3 position if unsubstituted (e.g., 1e-f) but at the C-2 position in the case of a 3-alkyl derivative (1g).
Conclusions
In efforts to expand the role of N-arylsulfonyl protecting groups for the selective functionalization of indoles and pyrroles, the hitherto unreported Michael addition of these substrates bearing strongly electronwithdrawing substituents to MVK to is reported. Albeit the reactions were effected in low to moderate yields, the challenge of this type of process can be gleaned from one recently reported observation 23 that 1-(phenylsulfonyl)indole was inert to such an alkylation when bromine was employed as catalyst. Our contribution thus expands the scope and limitations of reactions performed upon pyrroles and their benzo derivatives. were performed on silica gel with indicated solvent systems. All microwave reactions were performed in a CEM Discover 300 Watt system at the specified temperatures and times.
General procedure, exemplified with the synthesis of 4-[1-(phenylsulfonyl)-1H-pyrrol-2-yl]butan-2-one (2b)
To a 10 mL microwave vial charged with THF (2. 
